a r t i c l e s SIMIBI-class (named after the signal recognition particle, MinD, BioD) nucleotide-binding proteins appeared early in evolution 1 and contain GTPases, as well as ATPases, involved in the correct localization of cellular constituents. The MinD ATPase, as the central part of the Min system, regulates the determination of the cell division site in all bacterial species 2 . SRP-GTPases form a subfamily of the SIMIBI class, with only three members: the signal sequence-binding protein Ffh (SRP54 in Eukarya and Archaea), the SRP receptor FtsY (SRα in Eukarya) and FlhF, which is involved in flagella biosynthesis [3] [4] [5] . They share the conserved NG domain, which contains two major additions to the conserved fold of small G proteins. First, an α-β-α element (I-box) is inserted in the effector region; second, the N domain, comprising four α-helices, is attached to the N terminus of the G domain. SRP (Ffh together with the SRP RNA) and FtsY constitute the universally conserved co-translational protein-targeting machinery 6, 7 . When bound to GTP, Ffh and FtsY form, through interactions between their NG domains 8,9 , a heterodimeric complex that regulates the transfer of a ribosome-nascent chain complex to a vacant translocon in the membrane with a series of conformational rearrangements 10,11 . The two GTPases share a composite active site between their G domains in which GTP hydrolysis is reciprocally activated 12 . The SRP RNA [13] [14] [15] and membrane lipids 16,17 play fundamental roles in activating the Ffh-FtsY GTPases. The recent structure of the SRP-FtsY complex, together with biochemical implications, suggest that the distal end of the hairpin-like SRP RNA may be involved in this activation 18 . The third SRP-GTPase FlhF, together with the MinD-type protein YlxH (also known as FlhG, FleN, motR or MinD2), is essential for the placement and assembly of flagella 19 in many polar and peritrichous flagellated bacteria [20] [21] [22] [23] [24] . FlhF is required for the targeting of the first flagellar protein, FliF, to the cell pole 25 by a mechanism that is so far poorly understood. FlhF is associated with the membrane 25, 26 and localizes at the cell pole 20 . The FlhF protein (Fig. 1a) contains an N-terminal B domain that seems to be involved in FliF targeting 25 ; it shares the NG domain fold with the other two members of the SRP-GTPase subfamily. FlhF forms a stable homodimer with GTP and a composite active site that is basically identical to the active site of the Ffh-FtsY heterodimer 5 . In both the homo-and heterodimer, the two nucleotides are bound in a head-to-tail manner, with the γ-phosphate of one nucleotide interacting with the 3′-OH of the ribose moiety of the other. However, for the homo-and heterodimers formed by the three SRP-GTPases, the molecular mechanism of activation is still unknown. We set out to understand the activation of SRPGTPases by studying FlhF.
a r t i c l e s SIMIBI-class (named after the signal recognition particle, MinD, BioD) nucleotide-binding proteins appeared early in evolution 1 and contain GTPases, as well as ATPases, involved in the correct localization of cellular constituents. The MinD ATPase, as the central part of the Min system, regulates the determination of the cell division site in all bacterial species 2 . SRP-GTPases form a subfamily of the SIMIBI class, with only three members: the signal sequence-binding protein Ffh (SRP54 in Eukarya and Archaea), the SRP receptor FtsY (SRα in Eukarya) and FlhF, which is involved in flagella biosynthesis [3] [4] [5] . They share the conserved NG domain, which contains two major additions to the conserved fold of small G proteins. First, an α-β-α element (I-box) is inserted in the effector region; second, the N domain, comprising four α-helices, is attached to the N terminus of the G domain. SRP (Ffh together with the SRP RNA) and FtsY constitute the universally conserved co-translational protein-targeting machinery 6, 7 . When bound to GTP, Ffh and FtsY form, through interactions between their NG domains 8, 9 , a heterodimeric complex that regulates the transfer of a ribosome-nascent chain complex to a vacant translocon in the membrane with a series of conformational rearrangements 10, 11 . The two GTPases share a composite active site between their G domains in which GTP hydrolysis is reciprocally activated 12 . The SRP RNA [13] [14] [15] and membrane lipids 16, 17 play fundamental roles in activating the Ffh-FtsY GTPases. The recent structure of the SRP-FtsY complex, together with biochemical implications, suggest that the distal end of the hairpin-like SRP RNA may be involved in this activation 18 . The third SRP-GTPase FlhF, together with the MinD-type protein YlxH (also known as FlhG, FleN, motR or MinD2), is essential for the placement and assembly of flagella 19 in many polar and peritrichous flagellated bacteria [20] [21] [22] [23] [24] . FlhF is required for the targeting of the first flagellar protein, FliF, to the cell pole 25 by a mechanism that is so far poorly understood. FlhF is associated with the membrane 25, 26 and localizes at the cell pole 20 . The FlhF protein (Fig. 1a) contains an N-terminal B domain that seems to be involved in FliF targeting 25 ; it shares the NG domain fold with the other two members of the SRP-GTPase subfamily. FlhF forms a stable homodimer with GTP and a composite active site that is basically identical to the active site of the Ffh-FtsY heterodimer 5 . In both the homo-and heterodimer, the two nucleotides are bound in a head-to-tail manner, with the γ-phosphate of one nucleotide interacting with the 3′-OH of the ribose moiety of the other. However, for the homo-and heterodimers formed by the three SRP-GTPases, the molecular mechanism of activation is still unknown. We set out to understand the activation of SRPGTPases by studying FlhF.
RESULTS

The SRP-GTPase FlhF is activated by YlxH
As FlhF (Fig. 1) forms a stable homodimer, and reciprocal activation has not been observed 5 , we reasoned that an external activator might exist. FlhF has been shown to co-immunoprecipitate with YlxH 27 , and both proteins directly interacted with each other in a yeast two-hybrid (Y2H) assay (Supplementary Fig. 1 ). The Y2H analysis also showed that the NG domain of FlhF (NG-FlhF) was sufficient for interaction with YlxH. As the dimerization of FlhF requires GTP 5 , we assessed a possible nucleotide dependence of the FlhF-YlxH interaction in vitro. Only in the presence of high concentrations of GTP and GMP-PNP could an interaction between both proteins be detected (Fig. 1b) , Small G proteins have key roles in signal transduction pathways. They are switched from the signaling 'on' to the non-signaling 'off' state when GTPase-activating proteins (GAPs) provide a catalytic residue. The ancient signal recognition particle (SRP)-type GTPases form GTP-dependent homo-and heterodimers and deviate from the canonical switch paradigm in that no GAPs have been identified. Here we show that the YlxH protein activates the SRP-GTPase FlhF. The crystal structure of the Bacillus subtilis FlhF-effector complex revealed that the effector does not contribute a catalytic residue but positions the catalytic machinery already present in SRP-GTPases. We provide a general concept that might also apply to the RNA-driven activation of the universally conserved, co-translational protein-targeting machinery comprising the SRP-GTPases Ffh and FtsY. Our study exemplifies the evolutionary transition from RNA-to protein-driven activation in SRP-GTPases and suggests that the current view on SRP-mediated protein targeting is incomplete. a r t i c l e s indicating that YlxH binds the GTP-bound dimer of FlhF. At low nucleotide concentrations, a stable association of both proteins was observed only in the presence of GMP-PNP, but not with GTP, indicating that YlxH stimulates the GTPase activity of FlhF ( Supplementary  Fig. 2 ). This notion is supported by a GTPase activity assay using GTP with traces of radioactively γ-32 P-labeled GTP. The GTPase activities of FlhF and NG-FlhF were enhanced in the presence of YlxH, indicating that YlxH stimulates FlhF (Fig. 1c) . To assess which part of YlxH is responsible for activation of FlhF, we compared it to its closest homolog MinD (Fig. 1a, Supplementary Fig. 3 ). Both proteins share a conserved ATPase domain. However, YlxH has a N-terminal extension that is absent from MinD. Deletion of this extension (YlxH-∆N27) abolishes interaction of YlxH with NG-FlhF, in both the Y2H assay and in vitro pulldown assay ( Supplementary Fig. 4) . Conversely, the N terminus of YlxH (N27) alone was sufficient to bind to FlhF in the presence of GTP or GMP-PNP ( Fig. 1d) with a K d of 0.6 µM ( Supplementary Fig. 5 ) and to stimulate the GTPase activity of FlhF (Figs. 1c) . Therefore, the conserved N-terminal region of YlxH activates FlhF.
Crystal structure of the FlhF-effector complex
To unravel the mechanism of how the N-terminal motif of YlxH stimulates the FlhF GTPase, we cocrystallized the NG domain of FlhF with a peptide containing the N-terminal 23 residues of YlxH (YlxH-N23p). In order to mimic the transition state of hydrolysis, we added GDP and aluminum fluoride to the crystallization reaction 28, 29 . The crystal structure ( Table 1 and Fig. 2) showed that FlhF forms a symmetric homodimer, with the dimer interface exclusively established by the G domains. The two GTPase sites are paired to form a composite catalytic center in which two GDP-AlF 3 -Mg 2+ ligands align in a head-to-tail manner.
During refinement, positive difference density was found in proximity to the I-box of each FlhF subunit and could be assigned unambiguously to residues Tyr6 to Glu21 of YlxH (Supplementary Fig. 6 ). The interaction of the N terminus of YlxH with FlhF accounts for ~500 Å 2 of interface area and is established by hydrophobic and electrostatic contacts primarily with one FlhF subunit. Residues Ala9-Glu21 of YlxH form an α-helix (activator helix) that binds to helices αG1 (G domain) and α1a (I-box) and to the G5 element ( Fig. 2a,c ; also see Fig. 3a ). The conserved 7 DQAXXLR motif (X, any residue; Fig. 2b ) of YlxH is found at the N terminus of the activator helix, with DQA forming a 3 10 -helical turn that locates at the FlhF interface and contacts both catalytic half-sites. Most importantly, the side chain of Gln8 inserts into the composite active site at the interface of the two FlhF subunits and is clamped between the main chain of the G5 loop in cis and the G2 element Fig. 2a ; also see Fig. 3b , left side). Gln8 hydrogen bonding is complemented in cis to the 2′ OH group of the ribose moiety of the nucleotide and to a buried water molecule, whose coordination is saturated by the interaction with Gln222 and Tyr226 from the I-box helix α1a and Thr190 from the αG1 helix (Fig. 2c) . The Gln8 interaction leads to a relocation of the G2 element, together with helix α1a of the I-box and the G3 element, into the composite active site, when compared to the NG-FlhF-GMP-PNP structure 5 (Fig. 2d) . This relocation is the basis for the stabilization of the trigonal-bipyramidal transition state geometry. In particular, the G2-element Arg216, together with Gly185 and Lys188 from the P-loop, perfectly triangulate the negative charges of the leaving group (mimicked by AlF 3 ) (Fig. 2e) , thus revealing the mechanism for the activation of GTP hydrolysis. Accordingly, replacement of Arg216 by alanine in NG-FlhF abolishes its binding to GST-YlxH-N27 (Fig. 2f) . Mutation of Gln8 to alanine does not affect binding of the GST-YlxH-N27 to NG-FlhF (K d ≈ 0.9 µM, Supplementary Fig. 5 ), but it completely abolishes activation, underlining its catalytic importance (Fig. 2f) . This shows that the precise setup of the catalytic machinery of FlhF is a prerequisite for activation and illustrates the fine-tuning of effector binding to and activation of the GTPase.
DISCUSSION
Mechanism of SRP-GTPase activation is conserved
The FlhF-YlxH complex determines the mechanistic framework for the activation of an SRP-GTPase homodimer by protein. SRP-GTPase homo-and heterodimers contain the complete catalytic machinery in a composite active site 5,8,9,30 . Our structural and biochemical studies show that YlxH binding to FlhF leads to movement and stabilization of the G2 element and allows the correct placement of the catalytic arginine required for elevated GTP hydrolysis. The homologous SRP-GTPases Ffh and FtsY form a heterodimer, which regulates co-translational protein targeting 7 . The recent crystal structure of SRP in complex with its receptor FtsY illustrates a dramatic conformational rearrangement in the SRP-FtsY complex 18 . The distal end of the SRP RNA, which is formed by the 5′ and 3′ ends of the molecule, locates at the G domain-I-box interface of the Ffh-FtsY heterodimer (Fig. 3a, right side) . C83 of the SRP RNA approaches the catalytic chamber of the Ffh-FtsY heterodimer at a position similar to Gln8 of YlxH (Fig. 3a) . The base of C83 seems to stabilize the G2 region of FtsY via a 'sandwich' involving Phe141, which corresponds to Tyr215 in FlhF (Fig. 3b) . In a previous crystal structure of the Ffh-FtsY NG domain heterodimer containing GDP-AlF 4 -, a peripheral nucleotide was found to bind in the same position as C83 (ref. 31) , and mutation of C83 indeed affects SRPFtsY activity in vitro 18 . However, the low resolution of the SRP-FtsY structure and the absence of GDP-aluminum fluoride to mimic the transition state do not allow one to deduce the exact structural consequences of this RNA-GTPase contact for catalysis.
Given the high conservation of the composite active sites in the three SRP-GTPases, the mechanism of protein-driven activation of the FlhF homodimer might be directly translated to RNA-driven activation of the heterodimer. In both cases, interaction with the activator would induce the conformational stabilization of the G2 element required for efficient catalysis. Lowering entropy and enthalpy 
Borrelia burgdorferi (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) DQAXXLR motif *** ** a r t i c l e s is a fundamental and ancient principle in enzyme catalysis 32 , and it is also applicable to SRP-GTPases. Therefore, the activation of SRPGTPase FlhF is different from activation of the well-studied canonical small GTPases 33, 34 , where a GAP provides a catalytic residue in trans and thereby completes the catalytic center (Fig. 3c) , for example, by an arginine or asparagine finger 28, 35 . However, it is reminiscent of the activation of a monomeric Gα protein by its regulator protein RGS (regulator of G protein signaling). The Gα protein contains the complete set of catalytic residues, and RGS binding locks the flexible switch regions of Gα into their transition state conformations, promoting GTPase activity 36 . In particular, a conserved asparagine from RGS orients a catalytic glutamine in Gα that is essential for transition state stabilization (Supplementary Fig. 7) . However, in the FlhF homodimer two YlxH molecules occupy identical binding sites, while in the nearly symmetric SRP-FtsY heterodimer, the presence of one RNA molecule adds to asymmetry. There might also be a second binding site present in the heterodimer (Fig. 3a,d ) that could be used by other components of the targeting machinery to induce an additional level of regulation, for example, the ribosome or translocon. This component might have been overlooked because so far, the in vitro studies either were performed with only a subset of components or did not allow dissection of the individual contributions of components present.
Evolution of SRP-GTPase activation by protein
Mechanisms of protein targeting have been subject to strict evolutionary control, as the correct localization of macromolecular assemblies is of prime importance for all living cells. Our study defines the GTPase switch cycle of FlhF required for the spatial determination of the flagella biosynthesis site. Previous studies showed that FlhF and YlxH collaborate with each other to regulate flagella placement and number by a mechanism not yet understood 27 . We have now shown that binding of YlxH leads to the activation of FlhF and its inter-conversion into an inactive GDP-bound state. Indeed, functional studies show that the polar localization of FlhF, and thus of flagellum biosynthesis, is impaired by overexpression of YlxH in Vibrio cholerae 27 . This indicates that YlxH also acts as an activator of FlhF in vivo and therefore, might regulate the localization of FlhF at the cell pole.
Phylogenetic analysis shows that orthologs of flhF and ylxH are present in ~30% of all analyzed bacterial genomes and are widely distributed throughout all clades of bacterial phylogeny ( Supplementary  Fig. 8a) . They always form a transcriptional unit with ylxH being the adjacent downstream open reading frame of flhF ( Supplementary  Fig. 8a,b) , which is remarkable considering the extensive rearrangements flagellar operons have undergone in evolution 37 . The absence of FlhF and YlxH in motile species most likely reflects the development of more recent regulatory systems, most notably in the α-proteobacteria (see refs. 19,38 and Supplementary Fig. 8a) , or a loss of polar flagellation in response to genome minimization, as indicated by a significant tendency (P < 10 −5 ) toward reduced genome and proteome size in such species (Supplementary Fig. 9 ). Agreement of phylogenetic distances inferred from the sequences of FlhF and YlxH with those of their putative ancestors Ffh and MinD 1 , respectively, as well as the more universal 16S rRNA distances ( Supplementary  Figs. 10 and 11) suggests that they form the core of a very ancient system for the spatial determination of the future flagellum site.
Likewise, SRP and FtsY form the regulatory core of the universally conserved, co-translational protein-targeting machinery. The presence of the highly conserved SRP RNA as a key regulatory element suggests a function of SRP that might reach as far back as the RNA world 39, 40 . The MinD ATPase is conserved in all bacteria and plays a central role in determining the future cell division plane. Our study shows how bacteria used this well-established repertoire to develop new components and regulatory pathways (Fig. 3d) . The modification of gene duplicates of Ffh and MinD 1,39 into the homodimer-forming FlhF-GTPase and its activator YlxH, respectively, illustrates how evolution relies on existing structures and their combination into a new function. The replacement of the SRP RNA as an effector for SRP-GTPases by a protein parallels the transition from an ancestral RNA world into the modern protein world. 
